Conidia of the plant pathogenic fungus Botrytis cinerea adhered to tomato cuticle and to certain other substrata immediately upon hydration. This immediate adhesion occurred with both living and nonliving conidia. Adhesion was not consistently influenced by several lectins, sugars, or salts or by protease treatment, but it was strongly inhibited by ionic or nonionic detergents. With glass and oxidized polyethylene, substrata whose surface hydrophobicities could be conveniently varied, there was a direct relationship between water contact angle and percent adhesion. Immediate adhesion did not involve specific conidial attachment structures, although the surfaces of attached conidia were altered by contact with a substratum. Freshly harvested conidia were very hydrophobic, with more than 97% partitioning into the organic layer when subjected to a phase distribution test. Percent adhesion of germinated conidia was larger than that of nongerminated conidia. Evidence suggests that immediate adhesion of conidia of B. cinerea depends, at least in part, on hydrophobic interactions between the conidia and substratum.
The ascomycete Botrytis cinerea Pers.: Fr. is a facultative plant parasite whose broad host range makes it a serious fungal pathogen for a number of edible and ornamental crops (21) . A primary source of inoculum of B. cinerea is asexual conidia.
Although adhesion of conidia of plant pathogenic fungi to host surfaces is an important early event in the infection process (27) , there have been, until recently, no studies of the mechanisms of adhesion, and presently conidial adhesion has been examined with only a few plant pathogens. Virtually nothing is known of the pattern of adhesion of conidia of B. cinerea to its hosts, although several workers have previously noted that upon germination conidia and germ tubes secrete a mucilaginous sheath (4, 17, 19, 24) , and several investigators have speculated (4, 24) that this sheath is involved in adhesion. This article describes the results of studies of the adhesion process exhibited by nongerminated conidia of B. cinerea.
(Note that although a precise physicochemical definition for the term [microbial] adhesion has been proposed [32] , it is used here, and in most other reports, in a less formal sense, namely, to refer to the association of cells with a substratum, without establishing in a rigorous way that force is required to disrupt that association.) MATERIALS AND METHODS Fungal cultures and production of conidia. An isolate of B. cinerea (Bc-1) was obtained from diseased tomato fruit provided by a local grocer in 1989 and was used in all experiments unless otherwise noted. Five other isolates of B. cinerea (139-91a through 139-91e) from homegrown tomato fruits were used to determine whether the characteris-tics observed with conidia from Bc-1 were typical of conidia from other isolates.
Cultures were stored in 3% oatmeal-sand (vol/vol) medium, as was described previously for Botrytis elliptica (Berk.) Cooke (14) . To obtain conidia for experiments, either a small portion of the sand culture or a conidial suspension from an actively growing culture was applied to potato dextrose agar (Difco) slants. The number of conidia was increased by transferring a conidial suspension from the slants to potato dextrose agar in either 6-or 10-cm-diameter plastic petri dishes after 10 to 14 days at 20°C under continuous near-UV light (two F15T8 BLB tubes suspended about 7 cm above the culture vessels). After an additional 10 to 14 days at 20°C under continuous near-UV light, the petri dishes were used as a source of dry conidia or to prepare conidial suspensions for experiments. For studies in which nonviable conidia were required, cultures were exposed to propylene oxide vapors (2 ml of liquid per liter volume) for 2 h at 20 + 2°C prior to conidia being used for inoculation. In other cases, suspensions were prepared in 0.02% (wt/vol) sodium azide (see below for a description of the preparation of conidial suspensions).
Inoculation. All tests of adhesion were conducted with the substrata attached to glass microscope slides or microscope cover glasses either with small pieces of waterproof adhesive tape or with double-sided adhesive tape. With the tomato, a 10-by-20-mm strip of peel was carefully removed from firm but fully mature and fully colored greenhouse-grown tomato fruit (cv. Red Cherry from Lilly Miller Seed Company). In addition to tomatoes, rose petals (Rosa 'Golden Fancy'), table grape berry epidermis (Vitis vinifera L., 'Thompson Seedless'), garden lettuce leaves (Lactuca sativa L., 'Iceberg'), cultivated strawberry petals (Fragaria X Ananassa Duchesne, 'Benton'), bush bean leaves (Phaseolus vulgaris L., 'Blue Lake'), and pea pods (Pisum sativum L., 'Alaska') were used for tests of conidial adhesion. was tested, conidia were dislodged with a stream of dry nitrogen gas. A flow rate of 12 liters/min was directed against the substratum suspended 30 mm below a 1-mm-diameter orifice, and the substratum was oscillated for 30 s in a circular path (diameter, 2 cm) at a rate of 60 cycles/min. In most cases, conidia were dislodged with water. This was achieved by placing the microscope slide bearing the substratum into a 50-ml-volume plastic centrifuge tube (Coming no. 25325) that had been modified by inserting plastic rods to ensure reproducible alignment of the microscope slide and by cutting 5.2-mm-diameter holes in the center of the bottom of the tube and the lid. To dislodge spores, the centrifuge tube, with the slide inserted, was placed into a 2-liter beaker containing 2 liters of doubledeionized water (18 to 24°C) while a finger was held over the hole in the lid. After the tube was fully submerged (5 mm from the bottom of the beaker), the finger was moved, allowing water to fill the tube. The finger was then replaced, and the tube was removed from the water. Finally, the finger was again moved to allow the water to drain. This washing cycle was repeated once. For washing of conidia from polyethylene surfaces, the wash water pH was adjusted with NaOH (20) .
Scanning electron microscopy. Scanning electron microscopy was carried out after fixation with glutaraldehyde vapors, air drying, and coating of specimens with 60% gold-40% palladium. Examination was made with an Amray 1000A scanning electron microscope operated at 30 keV.
Water contact angles. Water contact angles of various substrata were estimated by the procedure of Mozes An ionic detergent and two nonionic detergents strongly inhibited adhesion to both tomato cuticle and polystyrene when used to prepare a suspension of conidia (Table 4) . Washing with the nonionic detergent Nonidet P-40 (0.1%, vol/vol) removed significantly more conidia than washing with water. Several tests with 0.1% (wt/vol) sodium dodecyl sulfate (SDS) yielded similar but less consistent results.
Treatment of cover glasses with dimethyldichlorosilane (33) or of polyethylene sheets with chromic acid (20) changed their surfaces markedly and also influenced the adhesion of conidia to these surfaces. With glass, there was a direct relationship between water contact angle (0) and percent adhesion (Fig. 1) . Percent adhesion to the most hydrophobic surface (0 = 48.60), prepared by treatment of the cover glasses with vapor of the silylating agent (33) , averaged more than 90%, whereas less than 1% of the conidia adhered to the least hydrophobic (untreated) surface Note that treatment of cover glasses with hexane alone, which despite redistillation must have contained some impurities, rendered them more hydrophobic than untreated cover glasses.
As expected (20) , oxidation of the surface of polyethylene rendered its hydrophobicity pH dependent (Fig. 2) 45.30 (pH 8) with the unoxidized polymer and from 40.50 (pH 13) to 47.3°(pH 9.7) with the esterified polymer. At pH 13, at which differences in hydrophobicity between polyethylene substrata were greatest, more conidia adhered to untreated or to esterified polyethylene than to oxidized polyethylene (Table 5) . In these studies, esterified polyethylene was included because oxidation led to visible changes in the polymer surface. These changes were also visible with the oxidized and esterified polymer.
Conidia of B. cinerea were found to be very hydrophobic. In a phase distribution test (26, 31) , more than 97% (mean for three replicates) of the conidia were partitioned into the organic layer.
Germination requirements of conidia of isolates of B. cinerea are variable (5) . Although conidia of some isolates germinate in distilled water, others, including those produced by all isolates used for this study, require exogenous nutrients for germination. When conidia were prepared as a spore suspension in 0.1 x strength potato dextrose broth and placed on glass, the earliest indication of germination (germ tube length equal to spore diameter) was seen at 150 min after inoculation, but only after 195 min did the germination rate exceed 10%. By 350 min, when this particular study was terminated, nearly 40% of the conidia had germinated. In several other tests with 0.1 x strength potato dextrose broth, germination exceeded 90% after 24 h of incubation.
In general, germinated conidia were more strongly attached to glass or other substrata than nongerminated conidia, as indicated by higher percent adhesion values (e.g., overall values of 87.1% + 2.6% for germinated conidia [n = 163] versus 13.0% + 0.8% for nongerminated conidia [n = 1,814] in the study discussed above) and by their resistance to removal by washing vigorous enough to dislodge most nongerminated conidia. However, if only the 350-min sample was considered, even the nongerminated conidia (n = 139) exhibited high percent adhesion (68%). This compares with 9.2% for all of the conidia (n = 207) examined at 120 min, before any had germinated. If conidia were killed, for example, by treatment with propylene oxide, they showed low percent adhesion values even with prolonged incubation under conditions that promote germination.
Scanning electron microscopy did not reveal any specialized structures associated with immediate adhesion. Attached conidia that were subsequently removed from the substratum exhibited deformation of the cell surface in the region of attachment (Fig. 3) .
DISCUSSION
Adhesion of conidia of B. cinerea was found to be a two-stage process. Immediate adhesion occurred upon hydration, whereas stronger delayed adhesion was observed only as conidia began to germinate. Immediate adhesion, the subject of this report, was characterized by relatively weak attachment and occurred even with conidia that had been killed or at least rendered incapable of germination. Immediate adhesion was not significantly influenced by the presence of several lectins or sugars. These materials had been previously shown to influence conidial adhesion with some other fungi (6, 18, 23) . Protease treatment has reduced conidial adhesion with some fungal species (34) but not with others (7), and in the present study such treatment did not change percent adhesion.
An influence of the substratum on adhesion prior to germination has been previously noted with conidia from at least two other plant pathogenic fungi (18, 34 used by others to study conidial adhesion (22, 34, 35) , behaved similarly to tomato cuticle in most tests.
With conidia from other fungal species, spore tip mucilage (18), adhesive knobs (13) , and mucilage-covered appendages (3) may be involved in adhesion of ungerminated conidia. Neither scanning electron microscopy ( Fig. 2) nor transmission electron microscopy (8, 19) revealed any specific structures in dormant conidia of B. cinerea that appeared to be involved in immediate adhesion. However, conidia did exhibit a flattening of the surface in contact with the substratum (Fig. 3) . Similar deformation has been noted with nonliving systems as a consequence of adhesion (10, 30 The results with the adhesive-backed Teflon film used to carry out the study reported in Table 1 were not consistent with the idea that substratum hydrophobicity is an important determinant of adhesion. However, with other preparations of the polymer, high values of percent adhesion were observed. Uredospores of Uromyces vicia-fabae also exhibited "passive, nonspecific binding" to several hydrophobic substrata but poor adhesion to Teflon (12) . Perhaps there are characteristics of Teflon other than hydrophobicity that influence its ability to act as a substratum.
With conidia from at least one other fungus, an entomopathogenic species (7), adhesion reportedly occurs via passive hydrophobic interactions. In view of the hydrophobic nature of many fungal spores, particularly the airborne types (16) , it would not be surprising if this mechanism of adhesion were widespread. It is not known whether the hydrophobic protein (hydrophobin) rodlets, putatively responsible for the hydrophobicities of certain other fungal spores (7, 9) , are present on the surface of conidia of B. cinerea. They are not visible in scanning electron micrographs or in freeze-etch preparations of conidia of Botrytis spp. (Fig. 3) (2, 15, 28, 29) . Conidia of Botrytis fabae do possess a deposition of surface lipids that markedly-influences their surface properties (16) , and this may contribute to their hydrophobicity.
Much of the recent work on fungal adhesion has addressed the related questions of surface recognition and pathogenhost specificity (27) . With B. cinerea, there is no evidence for a high degree of specificity in either immediate or delayed adhesion. Although a higher percentage of conidia adhered to any one of several host plant surfaces than to glass, percent adhesion to polystyrene and to other hydrophobic surfaces was just as great, demonstrating that the immediate attachment process was not specific to plant surfaces. The strength of delayed adhesion did not vary between substrata (data not shown). The lack of specificity in adhesion observed with conidia of B. cinerea is consistent with the suggestion by Jones and Epstein (22) that fungal pathogens that attack the aerial portions of plants, unlike root pathogens, may not require the presence of specific chemical compounds for attachment.
